Five steers (average 526 kg) fitted with ruminal, duodenal, and ileal cannulas were used in a 5 × 6 Youden square design with 14-d periods. Diets contained chopped alfalfa hay, corn silage, and concentrate (25:35:40, DM basis). Treatments were 1 ) control (no added fat), 2 ) tallow ( T ) , 3 ) partially hydrogenated tallow (PHT), 4 ) hydrogenated tallow (HT), 5 ) blend (1:1) of HT and hydrogenated free fatty acids (HTHFA), and 6 ) hydrogenated free fatty acids (HFA). Fats replaced cornstarch in the control diet to supply 5% added fatty acids. Intake was restricted to 90% of ad libitum; DMI was similar among diets (average 9 kg/d). Ruminal pH and molar proportion of propionate ( P ) were greater ( P < .05) but total VFA concentration, proportion of acetate (A), A:P, and percentages of OM digested in the rumen and total tract were less ( P < .05) when fatsupplemented diets were fed than when the control diet was fed. Total VFA concentration increased linearly ( P < .05) as esterification of fat sources increased (HFA < HTHFA < HT). Acetate and A:P increased linearly ( P < .10) but propionate and apparent total tract digestibility of OM decreased linearly ( P < .05) as either saturation ( T < PHT < HT) or esterification of fat sources increased. Ruminal NH 3 N concentration increased linearly ( P < .001) as saturation increased. Apparent ruminal digestibilities of ADF ( P < .05) and NDF ( P < .10) increased linearly as esterification increased. Flow of nonammonia nonmicrobial N to the duodenum was less ( P < .10) but flow of microbial N was greater ( P < .05) for the control diet than for fat-supplemented diets. Flows and small intestinal digestibilities of N and efficiencies of microbial protein synthesis were not altered by degree of saturation or esterification. Results confirm previous in vitro observations that T or HFA can alter ruminal digestion; however, because these effects usually are not observed in dairy cows, feed intake likely is very important in responses to supplemental fats.
Introduction
Hydrogenated triglycerides or free fatty acids ( FA) are used in diets for dairy cows to alleviate problems with poor handling characteristics of native fats and oils and to minimize disruptions of ruminal fermentation when large amounts of fat are fed. Saturation and esterification of FA in fat sources are important factors that contribute to differences in FA digestibility (Pantoja et al., 1995) and effects of fat on ruminal fermentation (Chalupa et al., 1984) . In general, increasing saturation of fat sources increases ruminal inertness but decreases FA digestibility (Grummer, 1993) ; extensively hydrogenated triglycerides, such as hydrogenated tallow ( HT) , are poorly digested (Macleod and Buchanan-Smith, 1972; Eastridge and Firkins, 1991; Elliott et al., 1994) .
Numerous studies have reported that HT or hydrogenated free FA ( HFA) had few effects on ruminal fermentation characteristics or total tract apparent digestibilities (e.g., Jenkins and Jenny, 1989; Schauff and Clark, 1989; Eastridge and Firkins, 1991) . Results from dairy cows often conflict with effects observed in vitro (Chalupa et al., 1984) . However, relatively few studies have measured the effects of degrees of saturation or esterification on ruminal digestion and microbial protein synthesis in duodenally cannulated ruminants (Pantoja et al., 1994 (Pantoja et al., , 1995 .
Nutrient digestibility decreases as DMI increases (Tyrrell and Moe, 1975) , which may mask effects of fat supplementation on ruminal fiber digestion in high-producing cows (Palmquist and Conrad, 1978) . Consequently, subtle effects of degree of saturation and esterification among relatively saturated fat sources, as well as mechanisms responsible for such effects, might be more easily identified in cattle at lower DMI. Therefore, the objective of this experiment was to determine the effects of degree of saturation of tallow ( T) and the degree of esterification of FA from HT on ruminal fermentation, site and extent of digestion of OM, fiber, and N, and net microbial protein synthesis in steers.
Materials and Methods
All procedures were conducted under protocols approved by the University of Illinois Laboratory Animal Care Advisory Committee. Five Angus × Simmental steers (average BW = 526 kg) were fitted with ruminal cannulas and simple T-shaped cannulas in the proximal duodenum and terminal ileum. Steers were tethered by neck chains in individual stanchions in a temperature-controlled room (22°C ) under continuous lighting. The experiment was conducted as a 5 × 6 Youden square (incomplete Latin square) design (Cochran and Cox, 1957 ) with 14-d periods. All measurements were made during the last 5 d of each period.
The following six dietary treatments were used: 1 ) control (no added fat), 2 ) 5.6% native T (Max-Fat™; Maxco, Green Bay, WI), 3 ) 5.6% partially hydrogenated T ( PHT; Alifet™, Alifet USA, Cincinnati, OH), 4 ) 5.6% HT (Milk Specialties Co., Dundee, IL), 5 ) 5.3% of a blend (50:50, wt/wt) of HT and HFA ( HTHFA; Milk Specialties Co.), and 6 ) 5.0% HFA (Energy Booster 100™; Milk Specialties Co.). Fat sources replaced cornstarch grits and were added to supply 5% FA to each diet (Table 1) . Treatments were designed to have a series of diets with increasing degrees of saturation of added triglycerides (iodine value [IV] = 51.5, 30.7, and 6.9 for T, PHT, and HT, respectively) and a series of diets with increasing esterification of highly saturated FA (0, 50, and 100% esterified for HFA, HTHFA, and HT, respectively).
The T treatment was prepared by heating the barrel containing T with a band heater until T was fully melted; the liquid T then was incorporated into the concentrate ingredients and mixed thoroughly. The HTHFA blend was prepared (Milk Specialties Co.) for this experiment by melting HT and HFA, mixing the fats together, and then prilling the mixture to re-form a dry fat supplement. Particle size distribution of the fat sources was not determined; however, particle size was approximately similar among the dry fats used in this experiment (PHT, HT, HTHFA, and HFA). The HT and HFA were similar to those fed in a previous study (Elliott et al., 1994) in which mean particle size was determined to be .55 mm.
Diets were formulated to meet the stated nutrient requirements for yearling beef steers (NRC, 1984) fed at approximately 90% of ad libitum intake. Ad libitum intake was determined by feeding all steers the control diet during a preliminary period before the start of the experiment; the amount of dietary DM offered then was held constant for each steer for the duration of the experiment. Diets were fed as total mixed rations at 2-h intervals 12 times daily via automatic feeders. Intake of DM was restricted to avoid possible confounding effects of intake variation on measurements of digestibilities. Feed intake was measured daily; steers readily consumed all feed offered and no feed refusals were observed.
Portions of the dietary ingredients were dried at 110°C for a minimum of 24 h on a weekly basis to determine DM for ration formulation. Concentrates, corn silage, and alfalfa hay were sampled daily during the last 5 d of each period. Samples were dried at 55°C, ground through a 1-mm screen in a Wiley mill (Arthur H. Thomas, Philadelphia, PA), and composited for each steer within each period. Composite samples were analyzed for contents of DM, OM (550°C for 8 h), CP by Kjeldahl (AOAC, 1984) , NDF (Van Soest et al., 1991) , and ADF (Van Soest et al., 1991) . Total FA were determined as described (Sukhija and Palmquist, 1988) , except that oven temperature was held at 160°C for 10 min, increased at 2°C/ min to 200°C, and then held at 200°C for 1 min to allow quantification of cis-vs trans-isomers of C18:1.
Steers were dosed through the ruminal cannula with 10 g of Cr 2 O 3 powder twice daily at 12-h intervals during d 7 to 14 of each period to provide a marker to estimate intestinal nutrient flows and apparent digestibilities of nutrients in the digestive tract. Fecal grab samples were collected twice daily at 12-h intervals on d 11 through 14 of each period, pooled on an equal wet weight basis for each steer, and frozen until the end of the period. Composited samples then were dried at 55°C and ground through a 1-mm screen. Feces were analyzed for contents of DM, OM, CP, NDF, and ADF as described for feed samples.
Duodenal and ileal samples were obtained during d 11 to 14 of each period. Samples were collected every 4 h over a 72-h period for a total of 18 samples. On each successive day, samples were taken 1.33 h later; thus, samples represented 1.33-h intervals over a 24-h period. Approximately 400 mL of duodenal digesta and 300 mL of ileal digesta were collected from each steer at each sampling time. The pH of the samples was measured immediately using a glass electrode and the samples were frozen. At the end of each period, the samples of duodenal and ileal digesta were thawed and composited, and subsamples were obtained by stirring the digesta into a slurry and collecting a homogeneous sample. The subsample then was lyophilized and analyzed for DM, OM, CP, ADF, and NDF as described for feeds and feces. Ammonia N in duodenal digesta was determined by steam distillation with MgO as described by Bremner and Keeney (1965) . Purines, used as a bacterial marker, were measured in duodenal samples by using the method of Zinn and Owens (1986) . The concentration of Cr in duodenal, ileal, and fecal samples was determined by atomic absorption spectrophotometry according to the procedures of Williams et al. (1962) . On d 11 and 13, four samples of ruminal contents (500 mL) were collected from the reticulum near the reticulo-omasal orifice for the isolation of bacteria. Samples were scheduled to represent all 6-h intervals in a day. Bacteria were isolated by differential centrifugation using the method of Steinhour et al. (1982) modified as follows. Contents were blended in a Waring blender (Waring Products Division, New Hartford, CT) at low speed for 1 min and strained through six layers of cheesecloth. The effluent was centrifuged at 500 × g for 15 min at 4°C to sediment feed particles and protozoa. The supernatant was removed and centrifuged at 18,000 × g for 15 min at 4°C to sediment a bacteria-rich pellet. The supernatant was removed and discarded, and the pellet was washed thoroughly with .9% NaCl, decanted into another centrifuge bottle, and centrifuged at 18,000 × g for 15 min at 4°C. The supernatant was removed and discarded, and the pellet was resuspended in a small amount of distilled water. The four samples from each steer within a period were pooled and stored at −20°C until lyophilization. The bacterial samples were lyophilized and assayed for DM, OM, CP, and purines as described for digesta samples.
Samples of ruminal fluid were collected at the time of each bacterial sampling. The pH of each sample was determined immediately using a glass electrode. Samples were acidified to pH 2 with 50% H 2 SO 4 , centrifuged at 27,000 × g for 10 min, and frozen. Samples were composited by steer within each period and analyzed (Supelco, 1975) for concentrations of VFA using an automated GLC (Model 5890A, Hewlett-Packard, Avondale, PA). Concentrations of NH 3 N were determined according to procedures of Chaney and Marbach (1962) as modified by Cotta and Russell (1982) .
Repeated measurements were reduced to period means for each steer before statistical analyses. Data were subjected to ANOVA appropriate for a Youden square design (Cochran and Cox, 1957) by using the GLM procedure of SAS (1985) . Model sums of squares were separated into steer, period, and treatment effects. Contrasts used to make treatment comparisons were 1 ) control vs all treatments with added fat, 2 ) linear effect of increasing saturation of triglycerides (i.e., T < PHT < HT), 3 ) quadratic effect of increasing saturation, 4 ) linear effect of increasing esterification of saturated FA (i.e., HFA < HTHFA < HT), and 5 ) quadratic effect of increasing esterification. Type IV sums of squares were used throughout. Least squares means were computed (SAS, 1985) and were presented throughout. Comparisons with P ≤ .05 were considered to be statistically significant. Comparisons with probability values between .06 and .15 were considered to indicate a trend toward a significant difference.
Results and Discussion
Because diets were identical except for contents of starch grits and fat, contents of DM, OM, CP, and fiber were similar among diets (Table 1) . Total FA content increased from 1.9% for the control diet to approximately 5.6% for the fat-supplemented diets. The analyzed FA content of the fat-supplemented diets was less than anticipated. The increased gross energy concentrations of the fat-supplemented diets over the control diet indicates that the fats were added to replace starch as formulated. The FA contents of feeds were verified by two independent laboratories (D. L. Palmquist, Ohio Agricultural Research and Development Center, Wooster and J. L. Firkins, The Ohio State University, Columbus) using the same methodology. Although the reason for the lower recovery of FA is not known, the discrepancy evidently was systematic across fat-supplemented diets; therefore, comparisons of digestibility should not be compromised.
The FA composition of dietary fat sources is shown in Table 2 . The content of saturated FA was 43, 62, and 90% of total FA for T, PHT, and HT, respectively, but the ratio of C16:C18 FA was similar among these fat sources. The saturated FA content of HT, HTHFA, and HFA was similar and averaged 88% of total FA. Analysis by TLC and GLC indicated that the HTHFA blend contained approximately 50% triglyceride and 50% free FA, as formulated. The ratio of C16:C18 FA was higher for HFA than for HT. The PHT contained a large amount of trans-C18:1 (21% of total FA), which may explain the tendency for a linear decrease in milk fat content observed in a previous study in which increasing amounts of PHT were fed to lactating cows .
Duodenal and ileal pH (average 2.23 and 7.52, respectively) did not differ among treatments. Characteristics of ruminal fermentation are shown in Table  3 . Fat-supplemented diets increased ruminal pH and decreased the concentration of total VFA compared with the control diet, perhaps because the fatsupplemented diets contained less fermentable carbohydrate. Compared with the control diet, the fatsupplemented diets increased the molar proportion of propionate, decreased the molar proportion of acetate, and tended ( P = .07) to decrease the molar proportion of butyrate in ruminal fluid.
Among fat sources, ruminal fermentation characteristics were most similar to those of steers fed the control diet when steers were fed HT, suggesting that HT was the most inert fat source in the rumen. The molar percentage of acetate increased linearly as saturation increased ( T < PHT < HT) and tended ( P = .10) to increase as esterification increased (HFA < HTHFA < HT). The percentage of propionate decreased linearly as either saturation or esterification increased. Thus, the acetate to propionate ratio increased linearly with increasing saturation or increasing esterification of fat sources. Butyrate tended to be affected quadratically by either saturation ( P = .06) or esterification ( P = .09); percentages were similar when steers were fed T, PHT, HTHFA, or HFA, but greater when steers were fed HT. These changes among fat sources accounted for the significant contrasts of control vs fat-supplemented diets noted earlier for percentages of acetate, propionate, and butyrate. Similar to our data, ruminal samples from cows fed yellow grease contained a greater percentage of propionate, but lesser percentages of acetate and butyrate and a lower acetate to propionate ratio, than samples from cows fed hydrogenated yellow grease (Jenkins and Jenny, 1989) .
Molar percentages of isobutyrate and valerate in ruminal contents did not differ between control and fat-supplemented diets; isovalerate tended ( P = .06) to be greater when fat-supplemented diets were fed than when the control diet was fed. Molar percentages of isobutyrate, isovalerate, and valerate generally were unaffected by fat source, suggesting that dietary protein degradation was not greatly different among fat-supplemented diets. However, concentrations of NH 3 N increased linearly as saturation increased, suggesting that ruminal protein digestion was inhibited as dietary triglycerides became more unsaturated. Increasing the amount of linseed oil supplemented to sheep (Ikwuegbu and Sutton, 1982) or increasing the amount of T fed to lactating dairy cows (Weisbjerg et al., 1991 ) also decreased ruminal NH 3 N concentrations.
Generally, characteristics of ruminal fermentation in lactating dairy cows have not been altered by supplementation of as much as 6% PHT, HFA, or calcium salts of FA (Grummer, 1988; Schauff and Clark, 1989; Klusmeyer et al., 1991; Palmquist, 1991; Drackley and Elliott, 1993) . Palmquist (1991) reported that concentrations and molar proportions of VFA did not differ when T, PHT, and HFA similar to those used in our study were fed to lactating cows. In contrast, ruminal fermentation in cows fed fats with lower melting points, such as T, yellow grease, or animal-vegetable blends, frequently has been shifted Table 3 . Ruminal fermentation characteristics for steers fed diets that contained fat sources differing in degree of saturation or esterification a T = tallow, PHT = partially hydrogenated tallow, HT = hydrogenated tallow, HFA = hydrogenated fatty acids, and HTHFA = blend of HT and HFA.
b Probabilities for contrasts: control vs all diets containing fat, and linear ( L ) and quadratic ( Q ) effects of increasing saturation (T, PHT, HT) or increasing esterification (HFA, HTHFA, HT) of fat sources.
c Not significant ( P > .15). to greater proportions of propionate and decreased acetate to propionate ratios (Jenkins and Jenny, 1989; Ohajuruka et al., 1991; Weisbjerg et al., 1991; Schauff et al., 1992; Elliott et al., 1993) . Ruminal fermentation was altered markedly in finishing steers when yellow grease or animal-vegetable fat were added at 4 or 8% of DM to a barley-based finishing diet containing only 12% forage (Zinn, 1989 ). Our results demonstrate that alterations of ruminal fermentation were greater when triglycerides that were more unsaturated were fed, or when free FA were fed, even when those FA were highly saturated. In contrast, ruminal fermentation characteristics were similar when nonlactating cows were fed diets containing either HT or HFA (Elliott et al., 1994) , and no effects of saturation, esterification, or chain length were noted in other experiments with lactating cows (Pantoja et al., 1994 (Pantoja et al., , 1995 . Diets fed by Pantoja et al. (1995) contained less fat (2.50 to 2.78% of DM) than our diets; furthermore, all fat sources were quite saturated (IV ≤ 38), which may have reduced the impact of hydrogenation on fermentation. Perhaps the Table 4 . The DMI and intake, flows, and digestion of OM for steers fed diets that contained fat sources differing in degree of saturation or esterification a T = tallow, PHT = partially hydrogenated tallow, HT = hydrogenated tallow, HFA = hydrogenated fatty acids, and HTHFA = blend of HT and HFA.
c Not significant ( P > .15). most important differences between our study and those of Pantoja et al. (1994 Pantoja et al. ( , 1995 were factors that led to substantially higher ruminal pH in our study (6.33 to 6.50) than in the previous studies, which averaged 6.01 (Pantoja et al., 1994) and 5.89 (Pantoja et al., 1995) . Fermentation at these low pH values resulted in lower proportions of acetate and higher proportions of propionate and may have minimized changes caused by fat (Jenkins, 1993; Tackett et al., 1996) . Factors responsible for the greater ruminal pH in our study likely were the frequent feeding at a restricted intake and a greater amount of forage fiber (Tackett et al., 1996) in our diets compared with those of Pantoja et al. (1994 Pantoja et al. ( , 1995 . Our data agree with those from in vitro studies (Chalupa et al., 1984) that indicated that unsaturated C18 FA were more inhibitory than C18:0, and that tallow FA were more inhibitory to ruminal fermentation when supplemented in the free FA form rather than in triglyceride form. Lipolysis of hydrogenated triglycerides such as HT and PHT has been shown to be much slower than lipolysis of more unsaturated triglycerides (Palmquist and Kinsey, 1993) . Thus, in comparing the effects of HT and HFA in our study, the greater inertness of HT likely is attributable to its minimal lipolysis in the rumen. Interpretation of our esterification effect is confounded somewhat by the slightly greater C16:C18 ratio and IV for HFA than for HT (Table 2) . Thus, the greater contents of C18:1 and C16:0 in HFA than in HT may have contributed to the greater effects of HFA on ruminal fermentation, because both of these FA were more inhibitory to ruminal microbes than C18:0 (Henderson, 1973; Chalupa et al., 1984) .
In our experiment, steers were fed at 2-h intervals to minimize feeding-induced fluctuations in ruminal fermentation and digesta flow. This situation should be analogous to dairy cows consuming frequent meals under ad libitum intake regimens, except for the absence of the influences of greater DMI on passage rate, liquid dilution rate, and digestibility depression (Tyrrell and Moe, 1975) . Consequently, the differences in ruminal characteristics among fat sources that were observed in our experiment probably were accentuated by the restricted intake of the steers, which would decrease the rate of passage through the digestive tract (i.e., increase residence time of fat in the rumen).
Intakes of DM and OM did not differ significantly among treatments (Table 4 ). The apparent flow of OM to the duodenum tended ( P = .06) to be greater and true flow of OM was greater ( P = .03) when steers were fed fat-supplemented diets than when they were fed the control diet (Table 4 ). The greater amount of OM digested in the rumen when steers Table 5 . Intakes, flows, and digestion of ADF and NDF for steers fed diets that contained fat sources differing in degree of saturation or esterification a T = tallow, PHT = partially hydrogenated tallow, HT = hydrogenated tallow, HFA = hydrogenated fatty acids, and HTHFA = blend of HT and HFA.
c Not significant ( P > .15). were fed the control diet corresponds to the greater concentration of total VFA in the rumen (Table 3 ) and likely reflects replacement of readily fermentable starch grits with non-fermentable fat sources. Apparent or true flow of OM to the duodenum and amounts of OM apparently or truly digested in the rumen did not differ among fat sources. Flow of OM at the ileum was greater for steers fed fat-supplemented diets and was greater when steers were fed the HT diet than when fed T or PHT (quadratic effect of saturation, P = .03). Apparent digestibility of OM in the rumen was higher when steers were fed the control diet than when they were fed fat-supplemented diets (Table 4) . Apparent total tract digestibility was greater when steers were fed the control diet than when they were fed fat-supplemented diets, which is attributable to the fat sources being less digestible than the cornstarch grits they replaced. Increased saturation (linear, P = .04; quadratic, P = .06) or esterification (linear, P = .05) of fat sources decreased apparent total tract digestibility of OM. Apparent digestibility of OM in the small intestine, expressed as a percentage of duodenal OM flow, tended to decrease as saturation ( P = .07) or esterification ( P = .09) increased, which indicated that HT probably was less digestible than the other fat sources. Measurements of FA digestibility in this experiment are not reported here but confirmed this low digestibility.
Intakes of ADF and NDF were significantly greater when steers were fed fat-supplemented diets than when they were fed the control diet (Table 5) . Intakes of ADF and NDF also increased linearly as esterification increased. These effects were attributable to small, nonsignificant differences among treatments for DMI (Table 4 ) and small variations in analyzed contents of ADF and NDF for the T, PHT, and HT diets ( Table 1) . Flows of ADF and NDF to the duodenum tended ( P ≤ .09) to be greater when steers were fed fat-supplemented diets. Amounts of ADF ( P = .15) and NDF ( P = .13) digested in the rumen tended to increase linearly as saturation of the fat sources increased. The amount of ADF digested in the rumen increased linearly, and the amount of NDF digested in the rumen tended ( P = .08) to increase linearly, as esterification increased. Flows of ADF and NDF at the ileum were greater for fat-supplemented diets than for the control diet and were less for PHT than for tallow or HT diets (quadratic effect of saturation, P < .01). Table 6 . Intake, flows, and digestion of N for steers fed diets that contained fat sources differing in degree of saturation or esterification a T = tallow, PHT = partially hydrogenated tallow, HT = hydrogenated tallow, HFA = hydrogenated fatty acids, and HTHFA = blend of HT and HFA.
c Not significant ( P > .15 Because differences in intake and flows of fiber fractions were small, digestibilities of ADF and NDF throughout the gastrointestinal tract were not significantly different between control and fat-supplemented diets. Increasing saturation of fat sources tended ( P ≤ .14) to increase the percentage of ADF and NDF that was digested in the rumen and tended ( P = .11) to decrease the percentage of NDF intake digested in the small intestine. Increasing esterification of fat sources linearly increased ruminal digestibility of ADF and tended ( P = .07) to linearly increase ruminal digestion of NDF; small intestinal digestibilities of ADF ( P = .10) and NDF ( P = .05) decreased linearly. Total tract digestibilities of ADF and NDF tended ( P ≤ .09) to be greater for PHT than for tallow or HT diets (quadratic effect of saturation, P < .01).
Others (Ohajuruka et al., 1991; Pantoja et al., 1994) have observed similar shifts in fiber digestion from the rumen to the postruminal digestive tract of lactating cows when animal-vegetable blends were fed, compared with more saturated fats. Ruminal digestion of NDF decreased quadratically as the IV of added fats increased from 18 to 56 to 84 (Pantoja et al., 1994) ; changes were greatest between IV of 18 and 56, which is similar to the range of IV in our experiment (Table 2 ). In a second experiment, Pantoja et al. (1995) observed no effect of saturation of triglycerides (IV of 38 vs 16) on ruminal NDF digestion. In that experiment, however, ruminal NDF digestion decreased (58 vs 63% of NDF intake) when PHT (IV = 16) was fed compared with HFA (IV = 15). In contrast, in another study (Eastridge and Firkins, 1991) , HFA decreased total tract digestibilities of DM, OM, and NDF, but HT did not.
In our study, in which the only variable was the source of fat, decreasing saturation tended to decrease ruminal fiber digestion, and decreasing esterification linearly decreased ruminal fiber digestion. In addition to saturation and esterification of fat sources, the extent to which fat interferes with nutrient digestion depends on many other factors, including the amount of fat fed, DMI, forage content of the diet, feed particle size, and soluble Ca content, among others (see Jenkins, 1993 , for review). Zinn (1989) reported that ruminal and total tract digestibilities of OM and ADF in steers decreased as the amount of fat was increased in a low-forage finishing diet. In that study, ruminal digestibility of ADF was lower when animal-vegetable fat was fed than when yellow grease was fed; the animal-vegetable blend was less unsaturated but contained more free FA (Zinn, 1989) . Others have reported no differences in ruminal (Ohajuruka et al., 1991) or total tract digestibilities of OM or fiber in lactating cows fed diets with increasing amounts of dietary fat (Palmquist and Conrad, 1978; Ohajuruka et al., 1991; Palmquist, 1991; Drackley and Elliott, 1993) or different sources of fat (Palmquist and Conrad, 1978; Ohajuruka et al., 1991; Palmquist, 1991) .
Intake of N and flows of total N and nonammonia N to the duodenum were not significantly different among treatments (Table 6 ). Fat-supplemented diets tended ( P = .08) to increase the flow of nonammonia nonmicrobial N to the duodenum but decreased microbial N flow, which corresponds to the decreased ruminal OM digestion when steers were fed fatsupplemented diets (Table 4) . Neither saturation nor esterification affected the flow of microbial N to the duodenum, although a weak tendency ( P = .14) was noted for a quadratic effect of saturation; means for microbial N flow were largest for PHT, intermediate for HT, and lowest for T.
Fat supplementation and source of fat did not affect either apparent or true efficiency of microbial N synthesis (Table 6 ); means were in the range of previously reported microbial efficiencies (Stern and Hoover, 1979) . Fat supplementation sometimes has been reported to increase microbial efficiency (Zinn, 1989; Klusmeyer et al., 1991; Pantoja et al., 1994) , but this is believed to occur only when fat decreases protozoal numbers and, subsequently, decreases bacterial recycling (Jenkins, 1993) . Pantoja et al. (1994) reported that flow of bacterial N to the duodenum was greater when cows were fed PHT (IV = 18) than when they were fed T (IV = 56) or animal-vegetable fat (IV = 84) because OM intake decreased linearly and bacterial efficiencies increased quadratically as saturation decreased.
In our study, microbial yields and efficiencies were not affected by saturation or esterification of fat sources, despite the alterations of ruminal fermentation and fiber digestion. As discussed earlier, the restricted feeding regimen should have accentuated potential differences among fat sources. Consequently, fat sources in this range of saturation and esterification should have minimal impacts on microbial protein supply to ruminants other than the effects attributable to dietary replacement of rapidly fermentable carbohydrates with fat.
Digestion of N was not affected by fat supplementation (Table 6 ). Increasing saturation of tallow tended ( P = .09) to linearly decrease the appearance of N in the rumen (i.e., made ruminal N digestibility less negative), which may be related to the linear increase in ruminal NH 3 N concentrations discussed earlier (Table 3) . Small intestinal digestibility of N ( % of intake) tended ( P = .10) to decrease linearly as saturation of the fat source increased, but small intestinal digestibility of N did not differ among fat sources when expressed as a percentage of duodenal N flow. As esterification increased, apparent digestibility of N in the total tract tended ( P = .08) to decrease linearly, but differences were small. Some authors have reported increased total tract N digestibility when fat was supplemented (Palmquist and Conrad, 1978; Klusmeyer et al., 1991; Ohajuruka et al., 1991; Pantoja et al., 1994) , whereas others have reported decreased (Schauff et al., 1992) or unchanged (Grummer, 1988; Schauff and Clark, 1989 ) N digestibilities.
In conclusion, our results provide a detailed analysis of the in vivo effects of degree of saturation and degree of esterification of saturated fat sources on ruminal fermentation, ruminal digestion of OM and fiber, and microbial protein synthesis. Our in vivo results confirm previous in vitro results indicating that negative effects of fat sources on fermentation and fiber digestion increase as fats become less saturated or less esterified, even when the fat sources are all relatively saturated. Despite these changes, saturation and esterification had little effect on microbial protein synthesis.
In contrast to our data, effects of these fat sources on ruminal digestion often have not been observed in lactating dairy cows. The amount and type of forage in diets influences effects of fats on rumen fermentation; our diets were high in forage fiber yet the more unsaturated and less esterified fats still interfered with ruminal digestion. These differences between steers fed limited amounts of feed in frequent meals and dairy cows at ad libitum intake emphasize the probable importance of feed intake on ruminal responses to supplemental fat sources.
Implications
Our results confirm that even a good-quality native tallow and a saturated free fatty acid product have the potential to alter ruminal fermentation and decrease fiber digestion relative to a highly saturated tallow. In contrast, the source of fat did not affect microbial protein synthesis. These fat sources usually have not affected similar measurements made in lactating dairy cows, which emphasizes the importance of feed intake in responses to supplemental fats. In dairy cows at high intake, therefore, the potential advantage of ruminal inertness for highly saturated tallows may be negated by the low digestibility of such fats.
